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ABSTRACT 

Alloy 22 [UNS NO60221 is now being considered for construction of high level waste 
containers to be emplaced at Yucca Mountain and elsewhere. In essence, this alloy is 21% Cr, 
13% MO, 4% Fe, 3% W, 2% Co, with the balance being Ni. Variants without tungsten are also 
being considered. Detailed mechanistic models have been developed to account for the corrosion 
of Alloy 22 surfaces in crevices that will inevitably form. Such occluded areas experience 
substantial decreases in pH, with corresponding elevations in chloride concentration. 
Experimental work has been undertaken to validate the crevice corrosion model, including 
parallel studies with 304 stainless steel. 

BACKGROUND 

Initially, the high-level waste containers will be hot and dry due to the heat generated by 
radioactive decay. However, the temperature will eventually drop to levels where both humid air 
and aqueous phase corrosion will be possible. Crevices will be formed between waste package 
and supports; beneath mineral precipitates, corrosion products, dust, rocks, cement and biofilms, 
and between double-wall containers. It is well known that the crevice environment will be more 
severe than the NFE. The hydrolysis of dissolved metal will lead to the accumulation of H’ and 
the corresponding suppression of pH. Field-driven electromigration of Cl (and other anions) into 
crevice must occur to balance cationic charge associated with H’ ions [l-3]. The exacerbated 
conditions inside the crevice set the stage for subsequent attack of the CRM by passive corrosion, 
pitting (initiation & propagation), stress corrosion cracking (initiation & propagation), or other 
mechanisms. Clearly, the development of an adequate crevice corrosion model for determination 
of the exact nature of the local environment is prudent. 

Alloy 22 has several desirable attributes that make it an attractive candidate for fabrication of 
high-level waste containers. It is less susceptible to localized corrosion (LC) than Alloys 825 
and 625, that were leading candidates in earlier designs [4]. The unusual LC resistance of Alloy 
22 is believed to be due to the additions of both MO and W, which should stabilize the passive 
film at very low pH [5]. Note that early elemental analyses of surface films are now being 
revised to include data from more detailed investigation with X-ray photoelectron spectroscopy 
(XPS). In regard to the addition of tungsten to Alloy 22, note that WO, appears to be less soluble 
at low pH than MOO, and MOO,. This material therefore exhibits a very high repassivation 
potential, approaching that required for 0, evolution [6]. The repassivation potential is believed 
to be the threshold for initiation of LC. In experiments with simulated crevice solutions (10 wt. 
% FeCl,), very low (passive) corrosion rates are observed [7,8]. Finally, no significant localized 
attack of Alloy 22 was observed in crevices exposed to simulated acidified water (SAW) for one 



year. These tests were conducted in the Long Term Corrosion Test Facility (LTCTF) at 
Lawrence Livermore National Laboratory (LLNL) [9]. However, we have observed the crevice 
corrosion of Alloy 22 during anodic polarization at very high potentials (1.2 V vs. SCE) and 
ambient temperature in electrolytes saturated with chloride salts. 

A variety of research is being conducted at LLNL, directed towards possible degradation 
modes of Alloy 22. Corrosion modeling for Total System Performance Assessment (TSPA) is a 
key component of this work. Models include simple correlations of experimental data [9], as 
well as detailed mechanistic models necessary for believable long-term predictions [4-51. 
Several interactive modes of corrosion are possible and have made it necessary to develop 
several models that ultimately should be integrated. These process-level models include those to 
account for the inhibition of corrosion by protective ceramic coatings, pH suppression and Cl 
elevation in crevices, pit initiation and propagation, as well as stress corrosion and hydrogen- 
induced cracking. This publication addresses the development of models to account for 
corrosion of Alloy 22 surfaces exposed directly to the exacerbated conditions in crevices. 

CREVICE CORROSION 

As discussed by Sedriks [lo], the Naval Research Laboratory (NRL) has observed pH < 2 in 
crevices made of stainless steel [l I]. The local crevice environment is being determined 
experimentally. Thus far, crevices have been constructed from square metallic samples, 2 inches 
on each side and l/8 inch thick. The samples are masked with plastic tape, thereby forming an 
exposed square area, 1.7 inches on each side. The exposed area is placed underneath a clear 
plastic window with an access port for a miniature pH sensor in the center. A second pH sensor 
is located at the mouth of the crevice, in close proximity to a saturated calomel reference 
electrode (SCE). The use of in situ sensors to determine crevice pH has also been described by 
Sridar and Dunn [ 121. In parallel experiments, paper strips with a pH-sensitive dye (pH paper) is 
sandwiched between the clear plastic window and photographed with a digital electronic camera 
in a time-lapse mode. Spectroscopic-grade graphite counter electrodes are also placed in the 
electrolyte lying outside the mouth of the crevice. A potentiostat is then used to control the 
electrochemical at the mouth of the crevice. Temperature, potential, current, and pH is then 
recorded electronically during the course of the experiment. Measurements of pH inside a Type 
304 stainless steel crevice are shown in Figure 1. The electrochemical potential at the mouth was 
maintained at 0.8 V vs. SCE. Crevice corrosion could be seen initiating near the crevice mouth 
and propagating towards the pH sensor, which was located about 1 inch inside the crevice mouth. 
After about 3 hours, the corrosion front finally reached the pH sensor and the pH immediately 
dropped from an initial value of about 5.7 to approximately 1.4. Simultaneously, the fixed 
volume of electrolyte outside of the crevice became alkaline, reaching a fluctuating level 
between 10 and 12. Active corrosion inside the crevice was evident since the emerald green 
NiCl, solution was easily visible. In experiments with pH papers, the propagating corrosion 
front was accompanied by immediate acidification. After polarization of the working electrode 
(304 stainless steel), the indicator near the crevice mouth turned red immediately (indicative of a 
pH between 1 and 2), with the red color spreading across the paper towards the center of the 
sample. Before complete acidification in the entire crevice, the nucleation of pits beneath the pH 
paper was easily visible as bright red dots. Clearly, the nucleated pits were serving as local 
sources of acid, thereby causing localized color changes in the paper. A reference indicator 

2 



outside of the crevice was photographed simultaneously to serve as a reference for the color 
changes observed inside the crevice. Typically, the indicator outside of the crevice would turn 
green (8 < pH < 10). Similar experiments were performed with Alloy 22. In this case, the 
working electrode (Alloy 22) remained passive at all locations inside the crevice. There was no 
visible evidence of localized corrosion of the metal surface underneath the clear plastic window, 
and no bright red dots appeared underneath the indicator paper. Even though the crevice 
remained passive, the passive current density and imposed electric field within the crevice was 
sufficient to cause significant acidification. Here too the pH dropped relatively low levels (1 < 
pH < 2). Additional experimental work is now being conducted and will facilitate further 
develolpment of predictive models. 

A detailed deterministic model has been developed to calculate the spatial distributions of 
electrochemical potential and current density in crevices, as well as transient concentration 
profiles of dissolved metals and ions [4,5]. It is assumed that the local concentration of hydrogen 
ions is limited by either (a) anion transport or (b) the rate of hydrolysis. If the limitation is 
assumed to be due to anion transport, all hydrolysis reactions at each point inside the crevice are 
assumed to instantaneously reach equilibrium. Furthermore, it is assumed that electroneutrality 
is maintained at each point. In contrast, if the limitation is assumed to be hydrogen ion 
production and transport, the local generation rate of hydrogen ion must be known and is 
assumed to be proportional to the dissolution rates of dissolved metals, with proportionality 
constants being calculable from hydrolysis equilibrium constants. Note that rate constants for 
the hydrolysis reactions are unknown, with experimental determination being impractical. In this 
case, anion concentrations are calculated at each point based upon electroneutrality. This model 
can be used to estimate the extent of pH suppression in crevices due to the simultaneous 
hydrolysis and transport of dissolved Fe, Ni, Cr, MO and W. At the present time, dissolved metal 
species included in the calculation are Fe*‘, Fe(OH)‘, Fe3’, Fe(OH)*‘, Ni2+, Ni(OH)‘, C?‘, 
Cr(OH)*+, Cr(OH),‘, Mo3’ and WOt-. Possible precipitates include Fe(OH),, Ni(OH),, Cr(OH),, 
MOO, and WO,. The solubilities of various oxides and hydroxides believed to be formed during 
dissolution of Alloy 22 are given by Pourbaix [ 131. 

The specific calculations shown here assume: (1) 25°C; (2) 170,000 ppm NaCI; (3) 0.5882 
uS cm-’ per ppm NaCl; (3) a diffusion coefficient of 1.9x1 Ov5 cm* set-’ for all dissolved species; 
and (4) an initial crevice width is 0.015 cm. In the case of Type 304 stainless steel, it was 
assumed that: (1) the potential at the mouth of the crevice is at 0.400 V vs. SCE; (2) the 
corrosion potential and current density are -0.400 V vs. SCE and 1.0x1 Om7 A cm-*, respectively; 
(3) the passive region extends from -0.350 to 0.350 V vs. SCE and is characterized by a passive 
current density of 5.0~10-~ A cm-*; (4) the threshold potential for breakdown of the passive film is 
0.350 V vs. SCE; and (5) the current density due to localized corrosion is 1.0x1 Om3 at 0,400 V vs. 
SCE. In the case of Alloy 22, it was assumed that: (1) the potential at the mouth of the crevice 
is at 0.800 V vs. SCE; (2) the corrosion potential and current are -0.160 V vs. SCE and 2.0~10-~ 
A cm-*, respectively; (3) the passive region extends from -0.100 to 0.700 V vs. SCE and is 
characterized by a passive current density of 2.0~10~~ A cm-*; (4) the threshold potential for 
breakdown of the passive film is 0.700 V vs. SCE; and (5) the current density due to localized 
corrosion is 1.0x1 O-* at 0.850 V vs. SCE. 

Calculations for crevice corrosion of Type 304 stainless steel are discussed first. Since the 
electrochemical potential (E) was predicted to decrease with increasing crevice depth, it is 



expected that the potential should never be more severe (closer to the threshold,for LC) than at 
the crevice mouth. Figure 2 shows calculated values of pH and ion concentration as a function of 
distance from the crevice mouth. Calculations are at 600-second intervals, with the last 
calculated value at 3600 seconds. Values of pH estimated by Method 1 (limited by hydrolysis) 
and Method 2 (limited by anion transport) are both shown. Based upon Method 2, it is 
concluded that the pH could be 1.5 to 2.0 in a crevice that is predominately in the passive region. 
This general conclusion is now supported by measurements of crevice pH, which are found to be 
less than two (pH < 2). These early tests were done with saturated KCl. As computational and 
experimental techniques improve, exact comparisons between predictions and measurement 
should be possible. Simulations at higher anodic potential involve larger current densities, larger 
rates, and much smaller increments in time and space. 

Calculations for crevice corrosion of Alloy 22 are discussed here and illustrated in Figures 3 
through 6. Figure 3 shows calculated values of pH and ion concentration as a function of 
distance from the crevice mouth. Calculations are at 600 second intervals, with the last 
calculated value at 3600 seconds. Values of pH estimated by Method 1 (limited by hydrolysis) 
and Method 2 (limited by anion transport) are both shown. Based upon Method 2, it is 
concluded that the pH could be 1.5 to 2.0 in a crevice that is essentially passive. This general 
conclusion is now supported by measurements of pH in a passive crevice formed from Alloy 22, 
which was found to be less than two (pH < 2). These early tests were done with saturated KCl. 
Transients in the total concentrations of dissolved Fe, Ni, Cr, MO and W at 0,600, 1200, 1800, 
2400,300O and 3600 seconds are shown in Figure 4. With the exception of tungsten, these 
concentrations rise sharply from zero at the crevice mouth to constant values (a plateau) deep 
inside the crevice. Recall that the concentrations are assumed to be zero at the crevice mouth. 
Figure 5 shows the distributions of dissolved W, which is assumed to be WO,‘-, and precipitated 
WO, inside the crevice. This unusual behavior is due to the retrograde dependence of tungsten 
solubility on pH (less soluble in acidic environments) [13]. At positions in the crevice with low 
pH, the corrosion of Alloy 22 results in the formation of solid WO,. Near the crevice mouth, 
which has a higher pH, the tungsten begins to dissolve. The penetration and oxide growth rates 
inside the crevice are shown in Figure 6. 

SUMMARY 

Crevices formed with Alloy 22 will lead to a localized environment with suppressed pH and 
elevated chloride, even in cases where the passive film remains stable. However, the 
electrochemical potential inside the crevice is expected to be well below that at the mouth, which 
will probably be well below the repassivation potential. Therefore, catastrophic localized 
breakdown of the passive film inside the crevice is not expected. This is consistent with atomic 
force microscopy (AFM) of surfaces inside such crevices [5]. These conditions are expected to 
lead to an enhancement of the passive corrosion rate inside the crevice. It is predicted that the 
corrosion product remaining on the Alloy 22 surface is enriched in tungsten. The role of MO and 
W in the passivation of this alloy is now being investigated in detail with XPS and will be 
reported in future publications. In cases where one of the barriers is made of a titanium-based 
alloy, work must be done to assure that no cathodic hydrogen charging occurs in the acidic 
crevice environment. In some cases, hydrogen absorption might lead to hydrogen-induced 
cracking. 
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Figure 1. Measured pH during crevice corrosion of 304 stainless steel in saturated KC1 at 25°C 
with applied potential of 0.8 V  vs. SCE. Measured values confirmed with indicator. 
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Figure 2. Simulated crevice corrosion of Type 304 stainless steel in saturated NaCl at 25°C with 
applied potential of 0.4 V  vs. SCE. Predicted pH profiles at 600-second increments with lowest 
predicted levels at 3600 seconds. 



0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

Distance from Crevice Mouth (cm) 

Figure 3. Simulated crevice corrosion of Alloy 22 in saturated NaCl at 25°C with applied 
potential of 0.8 V  vs. SCE. Predicted pH profiles at 600-second increments with lowest 
predicted levels at 3600 seconds. 
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Figure 4. Simulated crevice corrosion of Alloy 22 in saturated NaCl at 25°C with applied 
potential of 0.8 V  vs. SCE. Predicted dissolved metal profiles at 600 second intervals with the 
highest values at 3600 seconds. Corresponds to Figure 3. 
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Figure 5. Simulated crevice corrosion of Alloy 22 in saturated NaCl at 25°C with applied 
potential of 0.8 V  vs. SCE. Predicted profiles for dissolved W  and precipitated WO4 at 600- 
second intervals with the highest values at 3600 seconds. Corresponds to Figure 3. 
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Figure 6. Simulated crevice corrosion of Alloy 22 in saturated NaCl at 25°C with applied 
potential of 0.8 V  vs. SCE. Predicted wall penetration and WO4 thickness at 0.01,O.l and 1 .O 
cm from the crevice mouth. Corresponds to Figure 3. 
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